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Abstract 
 
The paper presents adaptation problem of lamellar growth of eutectic. The formation of rod eutectic microstructure was investigated 
systematically.  A  new  rod  eutectic  configuration  was  observed  in  which  the  rods  form  with  elliptical  cylindrical  shape.  A  new 
interpretation of the eutectic growth theory was proposed.  
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1.  Introduction 
 
Evolution  of  solidification  microstructures  can  be  the 
strategic  link  between  materials  processing  and  materials 
behavior. The eutectic structure is the basis of most commercial 
casting alloys, and thus, the properties of these alloys strongly 
depend on the amount and morphology of the eutectic phases, 
which,  in  turn,  are  affected  by  various  variables,  including 
cooling rate, modification, and faceted or nonfaceted nature of 
the constituent phases. 
Eutectic growth characterized by the cooperative growth of 
two solid phases from a liquid is an important pattern in crystal 
growth, and has been attracting much attention [1]. 
Eutectic alloys can grow into the lamellar – or rod – like 
regular  structures  or  other  anomalous  structures.  The  exact 
morphology of a eutectic alloy depends on the crystal features 
of the products and their relative volumes [2]. 
Theoretical and experimental work has been performed to 
better understand directional solidification of lamellar and rod-
like  eutectic  materials.  The  distinguished  theory  of  Jackson-
Hunt describes steady-state eutectic growth under the following 
assumptions: (a) lamellar or rod spacing is much smaller than 
the diffusion distance D/V, where D is diffusion coefficient of 
solute  in  liquid  and  V  is  the  interface  velocity,  and  (b)  the 
interface  undercooling  is  sufficiently  small  that  equilibrium-
phase  relations  apply  and  the  interface  composition  is 
approximately the same as the eutectic composition CE [3]. 
In the quasi-regular eutectics the high degree of regularity 
may result from the fact that the faceted phase forms the matrix. 
Therefore,  despite  a  high  entropy  of  solution  value,  faceting 
may  be  prevented  and  the  unpredicted  appearance  of  almost 
regular microstructures can be explained [4].  
Normally in anomalous eutectics, the faceting of one of the 
phases  leads  to  uncoupled  growth  and,  as  a  result,  a  ragged 
(irregular)  solid/liquid  interface  appears  which  produces  an 
irregular  (divorced)  morphology  as  viewed  in  a  transverse 
microsection. This is true not only when the volume fraction of 
the faceted phase is small, but also when it is large 40% [4 ]. 
So-called nonfaceted-faceted (nf-f) eutectics, such as Al-Si 
and Fe-C alloys (Figure 1), make up the main bulk of cast alloys 
and are thus of great practical importance. 
Growth  of  the  austenite-iron  carbide  eutectic  (ledeburite) 
begins with the development of a cementite plate on which an 
austenite dendrite nucleates and grows (Fig. 2). This destabilizes 
the Fe3C, which then grows through the austenite. As a result, 
two types of eutectic structure develop: a lamellar eutectic with 
Fe3C  as  a  leading  phase  in  the  edgewise  direction,  and  rod 
eutectic  in  the  sidewise  direction.  Cooling  rate  significantly 
influences the morphology of the γ+ Fe3C eutectic [6]. A R C H I V E S   o f   F O U N D R Y   E N G I N E E R I N G   V o l u m e   1 0 ,   I s s u e   2 / 2 0 1 0 ,   179- 1 8 4   180 
 
 
Fig. 1. Scheme of cementite eutectic grain in eutectic cast iron [5] 
 
 
 
Fig. 2. Lamellar and rod growth of the γ+ Fe3C eutectic [6] 
 
Hypoeutectic  Al-Si  alloys  are  the  most  widely  used 
aluminum  alloys  in  industry  today  due  to  the  excellent 
combination  of  good  ca  stability  and  desirable  mechanical 
properties. Depending on the alloy composition, the principal 
microstructure features of these alloys are the primary α - phase 
dendrites with interdendritic lamellar or fibrous eutectics. Better 
understanding of irregular eutectic growth behavior would lead 
to a better understanding of how to control the microstructures 
in  these  alloys.  Particularly,  since  the  eutectic  formation  is 
usually  in  the  final  stage  of  solidification,  the  interdendritic 
eutectic solidification behavior as well as its volume fraction, 
morphology,  and  distribution  have  been  shown  to  influence 
markedly castability, casting defects, and mechanical properties 
[7]. 
 
 
2.  The lamellar growth  
 
The  lamellar  growth  of  irregular  eutectic 
(nonfaceted/faceted type) will be cooperative, and the supposed 
solid/liquid interface profile is schematically shown in Figure 3, 
where ʴʱ is the depth of depression in the nonfaceted ʱ phase 
and ʴ is the protrusion of the leading faceted phase. This shape 
of  the  solid-liquid  interface  was  adopted  allowing  for  an 
advance of the faceted phase, based on theoretical assumption 
and on the results of examinations of fragments of the frozen 
solidification front (solid/liquid interface) present in Fe-C and 
Al-Si [8]. 
 
 
Fig. 3. Schematic representation of the shape of the eutectic 
solid-liquid interface front adopted in modeling of eutectic 
growth by Guzik [8] 
 
Assume [2] that a eutectic structure consists of two lamellar 
phases ʱ and , and grows into the alloy melt with a constant 
velocity  V.  At  the  solid-liquid  interface  the  lamellae  are 
perpendicular to the interface contour so as to favor the lateral 
diffusion of solute. A schematic diagram of the lamellar eutectic 
is shown in Figure 4 where Sʱ and S denote half the widths of ʱ 
and  phases, respectively. Take the center of an ʱ phase as the 
origin of the reference coordinate system, x and y perpendicular 
and parallel to the lamellae in the interface, respectively.  
  
Fig. 4. Schematic diagram of the lamellar eutectic structure  
at the interface [2] 
 
The interface is assumed to be advancing in the z direction 
at  a  steady  state.  Ignoring  the  solute  diffusion  along  the  
y direction, the solute field in the liquid can be written as: 
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where C is the solute concentration in the liquid. The general 
periodic solution of the above diffusion equation has been given 
by JH: 
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where C is the solute concentration in the liquid far from the 
interface (i.e.    z ),  ) /(    S S n bn   and  
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The coefficient Bn is obtained from the boundary conditions at 
the interface: 
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where C(x,0) is the interface concentration along ʱ or β phase, 
and kʱ and kβ the solute distribution coefficients in the ʱ and β 
phases,  respectively.  Here  the  solute  distribution  coefficients 
have been defined as the ratio of the equilibrium concentration 
of the minor component in solid to that in liquid, so that the 
values of kʱ and kβ are always smaller than unity [2]. 
Jackson-Hunt  argued  that  coupled  growth  should  be 
morphologically  unstable for  λ  < λm.  Figure  5  illustrates  this 
point  by  considering  a  concave  perturbation  of  the  eutectic 
front.  The  key  assumption,  which  Jackson-Hunt  attributed  to 
Cahn,  is  that  lamellae  grow  locally  perpendicular  to  the 
envelope of the eutectic front. This assumption links the lateral 
displacement  of  the  trijunctions  to  the  local  slope  of  the 
envelope of the eutectic front. In Figure 5 it implies that the 
lamellar  spacing  decreases  in  the  concave  region  of  the 
envelope.  If  λ  >  λm,  this  decrease  causes  the  interface 
temperature  to  increase  along  the  T(λ)  curve  and  the 
perturbation  to  decrease  in  time.  In  contrast,  if  λ  <  λm,  the 
decrease of the lamellar spacing causes the front temperature to 
decrease  and the lamella to become  even narrower until it is 
eliminated  from  the  array.  This  argument  predicts  that  the 
interface is unstable when λ < λm, which disagrees with recent 
experiments performed on a transparent organic alloy where the 
temperature-versus-spacing  curve  and  the  relaxation  rate  of 
pacing perturbations were measured directly for the first time. 
These measurements led to the conclusion that even spacings as 
low as 0,8 λm can be stable. This overstability was confirmed by 
phase-field  simulations.  Moreover,  the  origin  of  this 
overstability was traced back to the dynamics of the trijunctions 
using a detailed analysis of the simulation results. The essential 
new  element  is  that,  in  addition  to  their  normal  motion, 
trijunctions also slide parallel to the envelope with a velocity 
that is proportional to the local gradient of spacing, as illustrated 
in Figure 5. This effect tends to smooth out inhomogeneities of 
spacing along the front and hence to restabilize the interface [9]. 
 
 
Fig. 5. A schematic illustration of lamellar elimination [9] 
 
It  is  well  established  experimentally  that  the  presence  of  
a  dilute  ternary  impurity  can  destabilize  macroscopically  the 
eutectic interface above a critical growth rate. This instability 
leads  to  the  formation  of  finger-like  structures  that  are 
commonly referred to as two-phase cells or eutectic colonies. 
The typical width of these cells is much larger than the lamellar 
spacing. The critical velocity for colony formation is reasonably 
well estimated by the constitutional supercooling criterion with 
respect to the ternary impurity. This indicates that the driving 
force  for  the  instability  is  the  large-scale  diffusion  boundary 
layer of ternary solute concentration [9]. 
This  question  was  analyzed  both  by  a  detailed  linear 
stability analysis and by numerical simulations of a phase-field 
model for a eutectic alloy with a dilute ternary impurity. Since 
two  disparate  microstructural  length  scales  are  present  (the 
lamellar  spacing  and  the  size  of  a  colony),  large-scale 
simulations  on  parallel  computers  were  necessary  to  obtain 
representative results that are shown in Figure 6. 
 
 
3.  The rod growth 
 
Directionally solidified MnBi/Bi eutectic has a quasi-regular 
MnBi  rod  structure  at  freezing  rates  above  9  mm/h.  In  all 
theoretical work, attention was focused on the direct influence 
of convection on the composition field near the freezing inter-
face.  An  alternative  explanation  is  that  convection  acts 
indirectly by causing the freezing rate V to fluctuate. When V is 
increased,  one  would  expect  λ  to  decrease,  probably  by 
nucleation of new rods. When V is decreased, λ would increase 
by the matrix growing over some of the rods. If the kinetics of 
fiber termination and nucleation differ, then one would expect 
an oscillatory freezing rate to change λ. Our objective here was 
to determine the influence of periodic freezing rate perturbations 
caused by electric current pulses on the MnBi/Bi microstructure.  
It  was  known  that  a  large  current  pulse  so  perturbs  the 
MnBi/Bi  microstructure  that  one  can  use  this  for  interface 
demarcation to measure the interface shape and freezing rate. In 
preliminary  experiments,  frequent  small  current  pulses  were 
applied to two ingots during solidification at 5 cm/h. The results 
indicated that l increased with increasing current pulse duration 
and amplitude. 
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Fig. 6. Snapshots from a phase-field simulation illustrating the 
destabilization of a eutectic interface by a dilute ternary 
impurity leading to colony structures [9] 
 
Here, we set out to determine the influence of current pulsing in 
a  more  thorough  manner  over  a  range  of  freezing  rates  and 
current conditions. These current pulses had an amplitude much 
less  than  required  to  disrupt  the  microstructure  and  frequent 
enough  so  that  steady  state  was  not  reached,  so  as to  mimic 
what  one  might  expect  from  temperature  fluctuations  due  to 
irregular free convection [10]. 
A new rod eutectic configuration is observed in which the 
rods  form  with  elliptical  cylindrical  shape.  Two  different 
orientations  of  the  ellipse  are  observed  that  differ  by  a  90
o 
rotation  such  that  the  major  and  the  minor  axes  are 
interchanged.  Critical  experiments  in  thin  samples,  where  
a  single  layer  of  rods  forms,  show  that  the  spacing  and 
orientation of the elliptic rods are governed by the growth rate 
and  the  sample thickness.  In  thicker  samples,  multi  layers of 
rods  form  with  circular  cross-section  and  the  scaling  law 
between the spacing and velocity predicted by the Jackson and 
Hunt model is validated. A theoretical model is developed for a 
two-dimensional  array  of  elliptical  rods  that  are  arranged  in  
a hexagonal or a square array, and the results are shown to be 
consistent  with  the  experimental  observations.  The  model  of 
elliptic rods is also shown to reduce to that for the circular rod 
eutectic when the lengths of the two axes are equal, and to the 
lamellar eutectic  model when one of the axes is much larger 
than the other one [11]. 
Two different possibilities exist, as illustrated in Fig. 7a and 
7b,  in  which  the  bulk  configurations  are  identical,  but  the 
direction of observation differs by a 30
o rotation. To clarify, two 
identical hexagonal patterns are drawn in the figures, and the 
bulk  spacing,  λR,  is  marked.  In  Figure  7a  the  apex  of  the 
hexagon faces the microscope, while in Figure 7b the flat side of 
the  hexagon  faces  the  microscope.  The  measured  eutectic 
spacing, λe, can now be related to the rod eutectic spacing, λR, in 
the bulk region by the relationships: λR = λe /cos30 = 1,155 λe 
for the bulk orientation shown in Figure 7a, and λR = λe 2 for the 
bulk orientation shown in Figure 7b. To convert the measured 
spacing λe to the rod spacing in the bulk, λR, it is first necessary 
to determine the orientation that is present in experiments. 
To  establish  the  shape  of  the  rod  unambiguously,  we 
consider the  results  for  conditions that  give  a  single layer  of 
rods. We consider different possible shapes of rods, as shown in 
Figure 8: (a) lamellar; (b) circular cylinder; (c) elliptic cylinder 
with the major axis in the direction of the width; and (d), elliptic 
cylinder with the major axis in the direction of the thickness of 
the sample. The shape of the rod present in a single layer can 
now be determined from the experimental values of the local 
spacing  (λe)  and  the  measured  width  (lw)  of  the  rod.  The 
distances λe and lw are shown in Figure 8. Is determine the shape 
by  requiring  that  it  should  satisfy  the  volume  fraction  of  the 
rods, which should be 0,182 for the eutectic composition used in 
this study. 
 
 
Fig. 7. Two different spatial orientations of the bulk 
arrangement of rods with respect to the direction of observation. 
The arran-gement in (b) is related to that in (a)  
by a 30° rotation [11] A R C H I V E S   o f   F O U N D R Y   E N G I N E E R I N G   V o l u m e   1 0 ,   I s s u e   2 / 2 0 1 0 ,   179- 1 8 4  183 
 
 
Fig. 8. Schematic illustration of the possible shapes of rods in 
reorganized single layer of rods (a) lamellar shape, (b) circular 
cylinder, (c) elliptical cylinder with the major axis in the 
irection of sample width, and (d) elliptical shape with the major 
axis along the sample thickness [11] 
 
 
4.  Discussion 
 
Future developments are needed to model the solidification 
of important commercial alloys (in particular, Al-Si) where one 
solid phase forms facets. Recent phase-field modeling work on 
the faceted growth of monophase fronts is a first step in this 
direction.  The  characterization  of  anisotropic  properties  of 
faceted  interfaces,  however,  is  needed  to  make  these  models 
quantitative.  This  characterization  should  be  possible  by 
extending  to  faceted  materials  new  methods  developed  to 
calculate  the  solid-liquid  interfacial  energy  and  kinetic 
coefficient for rough interfaces. This extension remains a non-
trivial challenge given the complexity of growth mechanisms of 
faceted interfaces that span atomic and continuum scales [9]. 
The elliptic rod eutectic is a general eutectic model since it 
reduces to the circular rod eutectic model when λxx = λyx, and to 
a  lamellar  eutectic  model  when  λxx λyx  or  λxx λyx.  The 
selection of the circular rod, elliptical rod or lamellar eutectic 
will be governed by the volume fraction and velocity. One may 
also obtain a circular rod eutectic in the bulk with some elliptic 
rods  near  the  subgrain  boundaries  as  often  observed 
experimentally in metallic systems. The value of the parameter 
depends on the spacing λxx and λyx along the x and y directions. 
These spacing can be related to the rod spacing in the bulk by 
using the periodic arrangement of rods [11]. 
Phase-field simulations and experiments have yielded new 
insights into both the overstability of eutectic coupled growth 
below the  minimum undercooling. A  common explanation of 
both  phenomena  is  that  the  lateral  trijunction  dynamics  can 
stabilize coupled growth with respect to perturbations that lead 
to lamellar elimination even when the slope of the temperature 
versus spacing curve is positive [9]. 
In  the  microstructure  of  the  oriented  graphite  eutectic,  
a decrease in interlamellar spacing λ and protrusion ʴβ of the 
nonfaceted phase by the leading phase with increase of growth 
rate  v  was  observed.  The  application  of  the  model  to  the 
unidirectional eutectics (graphite, and ʱ(Al)-Si and ʱ(Al)-Al3Fe) 
yields  values  for  interlamellar  spacing  λ  that  are  in  good 
agreement with experimental data [8]. 
 
 
5.  Conclusions 
 
Extensive  theoretical  and  experimental  work  has  been 
performed  to  better  understand  directional  solidifcation  of 
lamellar and rod-like eutectic materials. 
The  new  analytical  result  expressed  describes  irregular 
growth. This model allows calculation of the ʴβ protrusion of the 
nonfaceted phase by the faceted one. The proposed shape of the 
solid-liquid  interface  of  irregular  eutectic,  as  well  as  the 
application  at  the  nonisothermal  solid-liquid  interface  for 
modeling purposes, allows the calculation of the characteristic 
depression in the nonfaceted phase (e.g., austenite, ʱ(Al)) and 
the  protrusion  of  the  leading  phase  (e.g.,  either  graphite  or 
silicon or Al3Fe) [8]. 
A  model  of  rod  eutectic  growth  with  rods  of  elliptical 
cylindrical shape is developed. The diffusion field in the liquid 
ahead  of  the  interface  is  obtained  by  solving  the  diffusion 
equation in an elliptic cylinder system. The theoretical model of 
elliptically  shaped  rods  is  shown  to  be  a  general  model  of 
eutectic  growth  that  gives  the  limiting  case  of  circular  rod 
eutectic when the two axes of the ellipse are equal, and gives the 
lamellar eutectic result when one of the axes is much larger than 
the other [11]. 
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